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MicroRNAs are predicted to regulate �30% of all human genes by
targeting sequences in their 3� UTR. Polymorphisms in 3� UTR of
several genes have been reported to affect gene expression, but
the mechanism is not fully understood. Here, we demonstrate that
829C3T, a naturally occurring SNP, near the miR-24 binding site in
the 3� UTR of human dihydrofolate reductase (DHFR) affects DHFR
expression by interfering with miR-24 function, resulting in DHFR
overexpression and methotrexate resistance. miR-24 has a con-
served binding site in DHFR 3� UTR. DHFR with WT and 3� UTR
containing the 829C3T mutation were expressed in DG44 cells
that lack DHFR. Overexpression of miR-24 in cells with WT DHFR
resulted in down-regulation of DHFR protein, whereas no effect on
DHFR protein expression was observed in the mutant 3� UTR-
expressing cells. Inhibition of endogenous miR-24 with a specific
inhibitor led to up-regulation of DHFR in WT and not in mutant
cells. Cells with the mutant 3� UTR had a 2-fold increase in DHFR
mRNA half-life, expressed higher DHFR mRNA and DHFR protein,
and were 4-fold more resistant to methotrexate as compared with
WT cells. SNP-829C3T, therefore, leads to a decrease in microRNA
binding leading to overexpression of its target and results in
resistance to methotrexate. We demonstrate that a naturally
occurring miRSNP (a SNP located at or near a microRNA binding site
in 3� UTR of the target gene or in a microRNA) is associated with
enzyme overproduction and drug resistance.

3� UTR � drug resistance � single nucleotide polymorphism � translational
regulation � mRNA stability

M icroRNAs (miRNAs) are generally 22 nt in length, evolu-
tionarily conserved, and a highly abundant class of small

noncoding RNAs found in diverse organisms. miRNAs play key
roles in regulating the translation and degradation of mRNAs
through base pairing to partially complementary sites in the 3� UTR
of the message (1–4). Degradation of the miRNA-bound mRNA
can result in reduced steady-state levels of the corresponding
transcript (5, 6). The processed miRNA binds to the highly con-
served Argonaute (Ago) protein family, in an RNA-induced silenc-
ing complex (RISC) that drives gene-silencing events by forming an
imperfect hybrid with the target mRNA. Imperfections in the
central portions of miRNA–mRNA duplex preclude RNAi-like
cleavage and leads to translational repression, frequently accom-
panied by a considerable degradation of the mRNA by a non-RNAi
mechanism (7, 8).

The biological functions of most miRNAs are not yet fully
understood. It has been suggested that miRNAs are involved in
various biological processes, including cell proliferation, cell death,
stress resistance, and fat metabolism through the regulation of gene
expression (9). miRNAs may also be differentially expressed in
human cancers; changes in miRNA levels have been reported in
chronic lymphocytic leukemia cells (10, 11), lymphoma, and solid
tumors (12). Recently, it has been shown that miRNAs act as
oncogenes and tumor suppressors by targeting key regulators of cell
growth (13, 14).

miRNAs are predicted to regulate 30% of all genes and to target
sequences in the 3� UTR of genes. Many 3� UTR polymorphisms
have been reported to be associated with differential gene expres-
sion, but the underlying mechanism is not fully understood (re-
viewed in ref. 15). We propose that some of the 3� UTR polymor-
phisms may be in the vicinity of an miRNA binding site and may
interfere with miRNA function leading to differential gene expres-
sion. Dihydrofolate reductase (DHFR) is a key enzyme in intra-
cellular folate metabolism and target of methotrexate (MTX), an
important chemotherapeutic agent widely used in the treatment of
several malignancies, including acute lymphocytic leukemia,
non-Hodgkin’s lymphoma, osteosarcoma, and choriocarci-
noma (16, 17).

In the clinic, some patients respond to MTX treatment,
whereas some are intrinsically resistant to MTX treatment (18).
Several mechanisms contributing to MTX resistance have been
identified in cell-culture model systems and in clinical samples
from MTX resistant patients (19–22). Because of its central role
in DNA synthesis, DHFR would be expected to be highly
regulated, but there are only few reports addressing the 3�
UTR-mediated regulation of DHFR (23, 24). Recently, an SNP-
829C3� was reported to occur in the 3� UTR of DHFR gene
at a 14.2% allelic frequency in the Japanese population, asso-
ciated with an increase in the expression of DHFR message (24).

Here, we demonstrate that SNP-829C3T is located near the
miR-24 binding site in DHFR 3� UTR and acts as a loss-of-function
mutation. The SNP affects DHFR expression by interfering with
miR-24 function, resulting in DHFR overexpression and MTX
resistance. Our data allow the suggestion that DHFR mRNA and
protein levels are at least in part regulated by miR-24.

Results
DHFR Protein Level Is Regulated by miRNA miR-24 (hsa-miR-24). Using
miRanda web server (25), we determined that the DHFR 3� UTR
harbors a putative mir-24 microRNA binding site (Fig. 1A). miR-24
mimics (double-stranded processed miRNA) and inhibitors (com-
plementary single-stranded miRNA inhibitors) were transfected in
HT1080 human fibrosarcoma cells. DHFR and �-tubulin (control)
protein levels were determined using Western blot analysis. Over-
expression of the miR-24 mimic led to down-regulation of DHFR
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protein (Fig. 1B). siRNA specific to DHFR 3� UTR, transfected as
positive control, also down-regulated DHFR protein as expected.
Transfection of a mixture of nonspecific duplex miRNA and
Oligofectamine alone as negative controls had no effect on DHFR,
indicating that DHFR protein was specifically down-regulated by
miR-24 miRNA mimics.

SNP-829C3T Is Located Near a miR-24 Binding Site in DHFR 3� UTR.
The miR-24 binding site is 91% conserved in mouse, rat, and
human DHFR 3� UTRs (Fig. 1A). The cytosine at position 829,
located 14 bp downstream of the miRNA binding site, is conserved
in mice and humans. This is likely because miRNA-mRNA binding
is mediated by the RISC complex, and upstream and downstream
regions of miRNA binding site may interact with RISC, which
mediates miRNA–mRNA binding (26). A polymorphism in the
829C site (SNP-829C3T) is located near the miRNA binding site.

SNP-829C3T Affects DHFR Expression by Interfering with miR-24
Function. To determine the effect of SNP-829C3T on miR-24-
mediated regulation of DHFR, WT DHFR with a WT 3� UTR
and DHFR cDNA with the mutation 829C3T were cloned in a
pCDNA3.1 vector. WT and mutant DHFR constructs were
transfected into DG44 CHO cells that lack endogenous DHFR
(27), to compare DHFR levels in the absence of an endogenous
DHFR background. Individual G418 resistant clones were
picked and expanded to cell lines. miR-24 mimics and inhibitors
were then transfected in WT and mutant DHFR 3� UTR-
expressing DG44 cells. Overexpression of the miR-24 mimics in
WT cells led to down-regulation of DHFR protein (Fig. 1C). In
cells containing the 829C3T SNP, overexpression of the miR-24
mimic had no effect on the expression level of DHFR protein,
suggesting that miR-24-mediated regulation of DHFR was lost
in mutant DHFR-expressing cells. Notably, inhibition of endog-
enous miRNA by overexpressing the miR-24 inhibitor led to
up-regulation of DHFR protein in WT but not in mutant cells
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Fig. 2. SNP-829C3T in the miR-24 binding site in DHFR 3� UTR of DHFR gene
leads to enhanced DHFR mRNA stability. DHFR mRNA decay in five WT (A) and
five mutant clones (B) were determined by real-time quantitative RT-PCR.
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Fig. 1. SNP-829C3T affects DHFR expression by interfering with miR-24 func-
tion. (A) The DHFR gene has six exons and is located on chromosome 5. The 3� UTR
of DHFR mRNA harbors a putative miRNA miR-24 binding site, which is 91%
conserved in mice and human. An SNP-829C site is located 14 bp downstream of
the miR-24 binding site in the DHFR 3� UTR and is conserved in mice and humans.
The sequences of human and mouse miR-24, its binding sites, and energies are
shown. (B) Overexpression of miR-24 mimic (processed miRNA) leads to down-
regulation of the DHFR protein in HT1080 human fibrosarcoma cells (miR-24) as
determined by Western blot analysis. An siRNA specific to DHFR 3� UTR was
transfected as a positive control (�Ve). A nonspecific miRNA cel-miR-67 (�Ve)
and Oligofectamine alone (OA), nontransfected cells (NT), were used as negative
controls. (C) DG44 cells stably expressing WT and the 829C3T mutation in the 3�
UTR were transfected with a miR-24 mimic and inhibitor (complementary single
strandedRNA)(seeMaterialsandMethods).AnsiRNAspecifictoDHFR3�UTRwas
transfected as a positive control (�Ve). A nonspecific miRNA cel-miR-67 (�Ve)
and Oligofectamine alone (OA), nontransfected cells (NT), were used as negative
controls. The experiments were repeated twice in two different cell lines, the
human fibrosarcoma cell line HT1080 and the CHO-DG44 cell line.
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(Fig. 1C). siRNA specific to DHFR 3� UTR, transfected as a
positive control, down-regulated DHFR in both WT and mutant
cells as expected. Transfection of a nonspecific miRNA cel-
miR-67 and Oligofectamine alone as negative controls showed
no effect on DHFR protein levels. Also, cells expressing mutant
DHFR 3� UTR had higher steady-state levels of DHFR protein
expression as compared with WT DHFR 3� UTR-expressing
cells (Fig. 1C). We conclude that DHFR protein levels are
regulated by endogenous miR-24 and the miRNA-mediated
regulation is lost when SNP-829C3T is introduced near the
miR-24 binding site in DHFR 3� UTR.

SNP-829C3T Leads to Increased mRNA Stability. miRNA-bound
mRNA may be degraded, resulting in reduced steady-state levels of
the corresponding transcript (28). In cells with 829C3T SNP,
miR-24 mediated regulation may be lost, a result of impaired
binding of miRNA to the region, leading to enhanced mRNA
stability in mutant clones. To test this hypothesis, DHFR mRNA
half-life was measured in DG44 cells with and without the 829C3T
SNP. The presence of SNP-829C3T in DHFR 3� UTR was
associated with a two-fold increase in half-life (WT, 25 h; mutant,
45 h) of the DHFR message (Fig. 2). The half-life of DHFR with
the WT 3� UTR was similar to that reported in refs. 29–31.
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Fig. 3. SNP-829C3T leads to overexpression of DHFR mRNA without a change in gene copy number. (A) Clones expressing the mutant 829C3T showed average
19-fold higher levels of DHFR mRNA as compared with WT (P � 0.003). Real-time quantitative RT-PCR was used to compare mRNA levels of the clones (see Materials
and Methods). (B) Comparison of WT and mutant-expressing clone gene copy numbers (P � 0.92) as detected by real-time quantitative PCR. The gene copy number
of five WT DHFR clones was averaged to one and relative fold differences in gene copy number of clones expressing the mutant DHFR were determined.
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Fig. 4. SNP-829C3TinDHFR3�UTRleadstooverexpressionofDHFRprotein levelsandconfersMTXresistance. (A)A5-fold increase inDHFRprotein levelwasobserved
in the mutant clones as compared with WT (*, P � 0.0001) as assayed by Western blotting. The bands were quantitated with Kodak Image Station 2000MM. The band
intensities of five WT DHFR clones were averaged to one, and relative fold difference in band intensity of clones expressing the mutant DHFR was determined. (B)
Comparison of SNP-829C3T-expressing cells with WT cells to MTX cytotoxicity (*, P � 0.005). IC50 values were determined by a cytotoxicity assay (see Materials and
Methods).
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When putative mRNA folding patterns of WT and mutant
DHFR 3� UTRs were determined by using mfold program
(http://bioweb.pasteur.fr/seqanal/interfaces/mfold-simple.html),
the mutant DHFR 3� UTR mRNA had a more stable folding
pattern (�G-120.64) compared to that of WT (�G-128.19).

Cells Expressing SNP-829C3T Adjacent to the miR-24 Binding Site
Overexpress DHFR mRNA Without an Increase in DHFR Gene Copy
Number. Quantitative real-time RT-PCR was used to determine the
ratio of DHFR mRNA levels to �-actin in five WT and nine mutant
DHFR 3� UTR-expressing stable clones. An average 19-fold in-
crease in mRNA level was observed in clones expressing the
829C3T mutation as compared with WT clones (Fig. 3A).

To rule out gene amplification as a cause of the increase in
mRNA, DHFR gene copy numbers were compared by using
quantitative PCR using primers and probes designed to amplify
DHFR cDNA and genomic �-actin as the control. The average
DHFR genomic DNA level in the WT DHFR-expressing clones
(n � 5) was found to be comparable to mutant clones (Fig. 3B).
Thus, higher levels of DHFR mRNA in mutants could not be
attributed to increased DHFR gene copy number.

Clones Expressing the Mutant 829C3T Express Increased Levels of
DHFR, and as a Result, Are More Resistant to MTX. Corresponding to
higher message levels, DHFR protein was, on average, 5-fold
higher in clones expressing the 829C3T SNP as compared with
WT clones (Fig. 4A). We tested whether the SNP near the
miRNA binding site leads to drug resistance because increased
DHFR protein levels are associated with drug resistance (16).
829C3T cell lines were significantly more resistant to MTX:
average IC50 for MTX in WT cells was 0.29 �M (	0.2), and in

mutants, IC50 was 1.03 �M (	0.27). Thus, SNP-829C3T near
the miR-24 binding site in the 3� UTR of DHFR stabilizes the
DHFR message and leads to high mRNA levels, high DHFR
protein levels, and increased MTX resistance (Fig. 4 A and B).

Discussion
miRNAs are known to inhibit gene expression by binding to the 3�
UTR of the target transcript. 3� UTR polymorphisms are reported
to be associated with various diseases that include hereditary
thrombophilia (32), �-thalassemia (33), insulin sensitivity (34),
urolithiasis (35), human papilloma virus infection (36, 15), and
increased sensitivity to 5-fluorouracil chemotherapy (37, 38). Re-
cently, it has been shown that a G-to-A transition in the 3� UTR of
the myostatin gene in Texel sheep creates a potential illegitimate
miRNA target site, which recruits miR1 and miR206 binding and
leads to translational inhibition of the gene, resulting in muscular
hypertrophy (39). There are no reports of polymorphisms at or in
close proximity to miRNA binding sites leading to loss of miRNA-
mediated regulation of a gene.

In this report, we present evidence that SNP-829C3T adjacent
to the miR-24 binding site in DHFR 3� UTR affects DHFR
expression by interfering with miR-24 function, resulting in DHFR
overexpression and MTX resistance. Furthermore, we propose that
miRSNPs located in an miRNA or at or near the miRNA binding
site in 3� UTRs of many important genes that are drug targets may
affect the drug response in patients and may lead to drug resistance
or drug sensitivity (Fig. 5). The miR-24 miRNA-mRNA binding site
is 91% conserved in mice, rat, and human DHFR 3� UTR. By
overexpressing miR-24 mimics and inhibiting endogenous miR-24,
we demonstrate that SNP-829C3T acts as a loss-of-function
mutation and results in the enhanced expression of DHFR mRNA

Fig. 5. A model for miR-24-mediated regulation of DHFR. The processed miR-24 miRNA binds to the RISC. The miR-24–RISC complex then binds to WT DHFR
3� UTR and regulates DHFR mRNA and protein expression, resulting in less net DHFR protein levels in the cell. The miRSNP-829C3T leads to loss of
miR-24-mediated regulation of DHFR, which may be a result of weak or no binding between the miR-24–RISC complex and DHFR 3� UTR. This occurrence leads
to comparatively stable DHFR message, a high net DHFR mRNA and protein levels in mutant cells, leading to MTX resistance.
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and protein levels in mutant-expressing cells by affecting the
binding of miR-24 to 3� UTR of DHFR (Fig. 5).

In animals, unlike plants, miRNAs were believed to act by
causing translational repression rather than mRNA degradation.
However, a recent report provided evidence that miRNA-bound
mRNA not only inhibits translation, but also is degraded more
rapidly, resulting in reduced levels of the corresponding transcript
(40). Here, we also show that the loss of miRNA miR-24 regulation
of DHFR leads to slower degradation of mutant transcript and
leads to enhanced message stability and higher steady-state DHFR
mRNA levels in SNP-829C3T-expressing cells. There are other
examples in the literature describing a 2- to 4-fold difference in
mRNA half-life resulting in a significant increase in mRNA and
protein abundance (as reviewed in ref. 41). Hence, an average 20-h
increase in the half-life of mutant DHFR mRNA likely explains the
10- to 20-fold difference in steady-state levels of DHFR mRNA in
mutant-expressing clones.

The miRNAs use the RNAi machinery for their action by
forming an imperfect hybrid with the target mRNA. The trans-
lational repression and gene-silencing events are mediated by
RISC, which comprises Ago and P-element-induced wimpy testis
(PIWI) protein subfamilies. Ago proteins are characterized by
two domains: an �20-kDa N-terminal PIWI-Ago-Zwille (PAZ)
domain and an �40-kDa C-terminal PIWI domain. PAZ is the
RNA-binding domain of Ago complex. Crystal structures dem-
onstrated that PAZ interacts with RNA and serves as the anchor
for the 3� end of small RNAs. The PIWI domain also interacts
with small RNA and forms few contacts with the target mRNA
strand (42, 43). A mutation of the G1-binding pocket in human
Ago ablates slicer activity of the complex (44). The 829C site is
conserved in mice and humans and located 14 bp from the 3� end
of the miR-24 complementary site. The C3T polymorphism
may affect the binding of the miR-24–Ago protein complex to
DHFR mRNA.

The finding that an miRNA, miR-24, regulates expression of the
DHFR gene by binding to DHFR 3� UTR provides further insights
into the regulation of this important therapeutic target. Further
inquiry in various ethnic groups as to its presence and its effect on
treatment outcome and or toxicity will be of importance. These
findings also raise the possibility that miR-24 mimics may be of
value alone or in combination with MTX in the treatment of human
disease.

Materials and Methods
Cell Transfections with miRNA Mimics and Inhibitors. miRanda web
server (25) and miRBase (Sanger Institute, Cambridge, U.K.)
were used to predict the possible miRNA binding sites in DHFR
3� UTR. DHFR 3� UTR was found to have a binding site for
miRNA miR-24. miR-24 mimics and inhibitors were obtained
from Dharmacon (Chicago, IL) and transfected in HT1080
human fibrosarcoma cells by using Oligofectamine (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. Duplex
siRNA specific to DHFR 3� UTR was synthesized (Integrated
DNA Technologies, Coralville, IA) and transfected as a positive
control (sense 5�-rUrUrCrUrCrCrArArGrArCrCrCrCr-
ArArCrUrGrArGrUrCrC-3�, antisense 5�-rGrGrArCrUrCrAr-
GrUrUrGrGrGrGrUrCrUrUrGrGrArGrArA-3�). A nonspe-
cific duplex miRNA cel-mir-67 (sense 5�-rUrCrUrArCr-
UrCrUrUrUrCrUrArGrGrArGrGrUrUrGrUrGrA-3�, anti-
sense 5�-rUrCrArCrArArCrCrUrCrCrUrArGrArArArGr-
ArGrUrArGrA-3�) and Oligofectamine alone were transfected
as negative controls. The transfected HT1080 cells were grown
in RPMI medium 1640 with 10% FBS and 1% penicillin-
streptomycin. Thirty-six hours after transfection, cell pellets
were collected and cell lysates were prepared. DHFR protein
levels were determined by using Western blot analysis using
monoclonal anti-DHFR antibody (BD Biosciences, San Jose,

CA). �-Tubulin protein levels were determined by using anti-
�-tubulin antibody (Sigma–Aldrich, St. Louis, MO).

Cloning and Site-Directed Mutagenesis. WT DHFR was cloned in
a pCR2.1 cloning vector. Total RNA was isolated from HCT-8
cells by standard techniques. First-strand cDNA was generated
by using total RNA. By using the gene bank sequence of DHFR
mRNA, the following oligonucleotide primers were designed to
amplify the WT DHFR gene with 3� UTR by PCR: forward
primer 5�-CTGTCATGGTTGGTTCGC-3�, and reverse primer
5�-AAGCTTTTGGTATTTCCA-3�. The PCR product was
cloned in the pCR2.1 vector per the manufacturer’s protocol.
Positive clones were selected by restriction digestion using
BamHI and XhoI and confirmed by DNA sequencing.

After WT cloning, QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) was used to generate the mutation
829C3T in the 3� UTR of DHFR gene by PCR using the WT
DHFR construct as the template. The following primers con-
taining the mutation 829C3T were designed and used for
site-directed mutagenesis according to the manufacturer’s pro-
tocol: forward primer 5�-CCCCAGCACCTGCTATAGT-
GAGCTGCCATT-3�, and reverse primer 5�-GAATG-
GCAGCTCACTATAGCAGGTGCTGGGG-3� (the mutation
is underlined).

Because pCR2.1 vector was a cloning vector, the WT and mutant
DHFR was subcloned in a mammalian expression vector
pCDNA3.1 (�) (Invitrogen) between BamHI and XhoI restriction
sites by using a rapid DNA-ligation kit (Roche Applied Science,
Indianapolis, IN).

Cell Transfections and Generation of Stable Clones. The mutant
construct (pCDNA3.1–829C3T) was transfected in to the CHO
cell line DG44, deleted for both alleles of DHFR, to compare
DHFR levels with no endogenous background. Also, WT DHFR
(pCDNA3.1-WT DHFR) and vector alone (pCDNA3.1) con-
structs are transfected in DG44 cells as controls in culture medium
RL with 10% FBS, 1% penicillin/streptomycin and 1% L-
glutamine. All transfections were performed by using N-[1-(2,
3-dioleoyloxy)propyl]-N, N, N-trimethyl-ammonium methylsulfate
(DOTAP) transfection reagent (Roche Applied Science) according
to the manufacturer’s protocol and selected in media containing
750 �g/ml G418. Individual clones were isolated by ring cylinders
and expanded into stable resistant cell lines �14 d after transfec-
tion. Cell pellets of monolayer cultures (70–80% confluent) were
harvested, total RNA and genomic DNA were isolated from the
pellets, and cell lysate was prepared to detect DHFR protein levels
according to standard protocols.

Transfections of WT and Mutant Cells with miR-24 Mimics and Inhib-
itors. miR-24 mimics and inhibitors were obtained from Dhar-
macon and transfected in WT and mutant-expressing DG44 cells
by using Oligofectamine (Invitrogen) according to the manu-
facturer’s protocol. Duplex siRNA specific to DHFR 3� UTR
(through supra) was transfected as a positive control and a
nonspecific duplex miRNA cel-mir-67 and Oligofectamine alone
were transfected as negative controls. The transfected WT and
mutant cells were grown in culture medium RL with 10% FBS
and 1% penicillin/streptomycin. Thirty-six hours after transfec-
tion, cell pellets were collected and cell lysates were prepared.
DHFR and �-tubulin protein levels were determined by using
monoclonal anti-DHFR antibody and anti-�-tubulin antibody by
SDS/PAGE followed by Western blot analysis.

DHFR mRNA Half-Life. Quantitative RT-PCR analysis was used to
measure DHFR mRNA decay (45). A total of 1 
 106 cells are
plated per 10-cm cell culture dish. Actinomycin D (5 �g/ml) was
added after 24 h. After the addition of actinomycin D, at time
points 0, 4, 8, 12, 19, 24, and 36 h, cells were lysed by using
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TRIzol. Total RNA was extracted and treated with DNase to
digest residual DNA in the RNA preparation. The RNA was
quantitated with fluorescent dye RiboGreen by using Mx4000
PCR system (Stratagene) according to manufacturer’s protocol.
Total RNA (200 ng per well) was used in a real-time RT-PCR
by using TaqMan 7000 as described below.

DHFR mRNA Levels. DHFR and hamster �-actin (control) mRNA
levels were examined by quantitative RT-PCR. Total RNA was
isolated from the cell pellets by using TRIzol reagent (Invitro-
gen). Quantitative RT-PCR was conducted with the ABI Prism
7000 sequence detection system (Applied Biosystems, Foster
City, CA). The following primers and probes were designed to
amplify DHFR and hamster �-actin cDNA: DHFR forward
primer 5�-TAAACTGCATCGTCGCTGTGT-3�, reverse
primer 5�-AGGTTGTGGTCATTCTCTGGAAA-3� and probe
5�-56-FAM/CCCGTTCTTGCCGATGCCCA/36-TAMTph-3�.
Hamster �-actin forward primer 5�-TGAACCGTATCTGC-
CCACCT-3�, reverse primer 5�-GCCACCAAGGCAT-
GATCG-3� and probe 5�-56-FAM/ACACAAGGTCGG-
GAGCCAAACGC/36-TAMTph-3�. Brief ly, each 25-�l
reaction contained 300 nM of each primer, 100 nM probe, and
quantitative RT-PCR master mix (Eurogentec, San Diego, CA).
Quantitative RT-PCR was performed with the ABI Prism 7000
sequence detection system. The cycling conditions were: initial
step 48°C for 30 min, activation step 95°C for 10 min, followed
by 40 cycles at 94°C for 15 s and 60°C for 1 min. Each sample was
run using eight different wells of the 96-well plate, and each
experiment was repeated three times.

Western Blot Analysis. The protein level of the clones expressing
WT and mutant DHFR was determined by using SDS/PAGE
followed by Western blot analysis using anti-DHFR and anti-
tubulin antibody. Equal loading was determined by using Pon-
ceau S and anti-�-tubulin antibody. The bands were quantitated
by using the Kodak Image Station 2000MM multimodal imaging
system (IS2000MM; Kodak, Rochester, NY), and fold change in
protein level between WT and mutant clones was determined.

DHFR Genomic DNA Levels. Quantitative PCR was used to deter-
mine DHFR genomic DNA levels. Endogenous hamster �-actin

DNA was the control. The following primers and probes were
used to detect DHFR and hamster �-actin genomic DNA level:
DHFR forward primer 5�-TAAACTGCATCGTCGCTGTGT-
3�, reverse primer 5�-AGGTTGTGGTCATTCTCTGGAAA-3�
and probe 5�-56-FAM/CCCGTTCTTGCCGATGCCCA/36-
TAMTph-3�. Hamster �-actin forward primer 5�-GGCCAAC-
CGTGAAAAGATGA-3�, reverse primer 5�-CGAGAAGTTG-
GCAAAGATGGA-3�, and probe 5�-56-FAM/CCAGG-
TCAGCAGCCAGGGTGG/36-TAMTph-3�. Genomic DNA
was extracted from the cell pellets by using the phenol-
chloroform-isoamylalcohol method. Each 25-�l quantitative
PCR mixture contained 200 nM of each primer and probe, 200
ng of genomic DNA, and TaqMan universal PCR master mix
(Applied Biosystems). The cycling conditions were 50°C for 2
min, 95°C for 10 min, followed by 40 cycles at 94°C for 15 s and
60°C for 1 min. Each sample was run using eight different wells
of the 96-well plate, and each experiment was repeated three
times.

MTX Cytotoxicity. MTX cytotoxicity was carried out in RPMI
medium 1640 with 10% dialyzed FBS (dialysis removes thymidine),
penicillin/streptomycin, and L-glutamine. The clones were acclima-
tized in the RPMI media for few passages before plating for the
cytotoxicity assay. The [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]
(MTS) (Promega, Madison, WI) was used to assay the cytotoxicity
according to the Cell-Titer 96 aqueous one-solution protocol. Two
thousand cells were plated in each well of 96-well plates in 180 �l
of the medium. After 24 h, varying concentrations of MTX in 20 �l
of media were added and cells were incubated for 96 h. After 96 h
of incubation, the MTS assay was performed and the absorbance in
each well was determined at 490 nm by using a plate reader. Wells
containing cells with no MTX and wells with medium alone were
used as positive and negative controls, respectively. All experimen-
tal points were set up in replicate wells, and all experiments were
repeated four times.

Statistical Analysis. Student’s t test was performed to assay the
statistical significance.
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